Abstract: Nanocomposite films for hole transport and emitting layer were prepared from poly(3,4-ethylenedioxythiophene), poly(styrenesulfonate), and poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene] -as MEH-PPV -incorporated with anatase (TiO2) nanoparticles dispersed in oleic acid. The precursor for the sol was a solution of tetraiso-propyl orthotitanate [Ti(iso-OC3H7)4]. The research showed that both the electrical and spectral properties of the conjugated polymers were enhanced due to the incorporation of anatase. The best volume ratio between the oleic acid precursor and tetraiso-propyl orthotitanate was found to be of 10. Current-voltage characteristics of organic light emitting diodes made from these nanocomposite films were considerably enhanced in comparison with those made from pure polymers. The luminous efficiency is reported. Mechanical properties of the nanocomposite materials, (in particular for MEH-PPV-TiO2) were found to be dependent on constituent organic and inorganic materials and on the geometric position of constituents. It was concluded that such composite organic light emitting diodes can exhibit larger performance efficiency and longer lifetimes than classical light emitting diodes.
INTRODUCTION
Organic light emitting diodes (OLEDs) have been intensively investigated during the last decade, because of their potential applications (such as optoelectronics, urban lighting, screen for TV and cellular phones, large-area displays, solar flexible cells, etc [1] [2] [3] [4] ). However, in order to replace the light emitting diodes (LEDs) based on inorganic semiconducting materials it is necessary to improve both the efficiency and time of service of the OLEDs. While OLEDs and in particular polymer-based OLEDs did not yet reach the efficiency of inorganic LEDs, the difference between LEDs and OLEDs efficiencies is decreasing continuously. Polymeric LEDs are expected to present several advantages such as low cost (derived from the anticipation of future technologies, which will allow the printing of polymeric LEDs), outstanding mechanical properties (including flexibility), reduced weight, low operational voltage (by replacing ITO with conducting polymers), and good quantum efficiency. The lifetime of OLEDS is typically restricted by environmental issues (most important being represented by oxygen, water or moisture, and polymer aging) and intrinsic contributions controlled by atom diffusion and interfacial processes. Research efforts are aiming in particular at increasing the efficiency and the lifetime of polymer-based LEDs.
The mechanical properties of composite materials (and in particular of nanocomposites) are strongly dependent on the constituent materials nature, size, and concentration as well as on the interface between the polymeric matrix and the nanofiller, on the manufacturing technology, and on geometric position of constituents in the composite/final product. Up to now, many researchers have investigated mechanical properties of polymer composite reinforced by nanoparticles [5] [6] [7] [8] . They tried to explain the mechanical properties of polymer-based nanocomposites by neglecting the interactions between nanoparticles. A brief analysis of the mechanical properties of OLEDs, which takes into account the interactions between nanoparticles, is presented.
The efficiency of the optoelectronic devices like OLED, is controlled by three factors: (i) equalization of injection rates of positive (hole) and negative (electron) charge carriers (ii) recombination of the charge carriers to form singlet exciton in the emitting layer (EML) and (iii) radiative decay of excitons. Recently, novel approaches to deal with these problems have been reported [9, 10] such as the addition of a hole transport layer (HTL) between the transparent anode and the emitting layer (EML) [9] and/or of an electron transport layer (ETL) sandwiched between the EML and cathode [10] . With these solutions one can enhance the electroluminescent efficiency of OLEDs. However, the long-lasting service is sometimes limited. The other way to enhance both the efficiency and the service duration of the device is to use nanocomposite films instead of pure polymers (served as HTL and EML). Embedded nanoparticles of oxides can substantially influence the mechanical, electrical and optical properties of the polymer. For instance, thin films of nanocrystalline anatase (nc-TiO 2 ) particles dispersed within poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene] (MEH-PPV) were studied as photoactive material [11] . By adding a hole transport layer (HTL) and an electron transport layer (ETL) to the three-layer device, the equalization of injection rates of hole and electron was improved and a higher electroluminescent efficiency of the OLED was obtained [12] . However, a large difference between the structure of the inorganic material (ITO) and the organic polyethylene (3,4-dioxythiophene) (PEDOT) usually causes a poor interface contact between them. Recently, the role of nanocomposites obtained by embedding TiO 2 nanoparticles in PEDOT or MEH-PPV on the I-V characteristics of OLEDs made from these composites, was reported [12] . Since the TiO 2 nanoparticles used to make the composites were taken from commercial sources, it was difficult to modify their surfaces in order to reach atomically con-tinuous TiO 2 /polymer interfaces (or heterojunctions). This strongly blocked the charge transport through these interfaces.
In this work, the results of the research on the preparation and modification of TiO 2 nanoparticles used for the fabrication of OLEDs, are reported. Structural, electrical and spectroscopic properties of the dispersive particles and the nanocomposite films of PEDOT+nc-TiO 2 and MEH-PPV+nc-TiO 2 as well as currentvoltage (I-V) characteristics of the devices made from the films were investigated. The mechanical properties of MEH-PPV+nc-TiO 2 vs. TiO 2 volume are also analyzed.
EXPERIMENTAL
Sol-gel method was used to prepare nanoparticles of o C for up to 2 hours (when the homogeneous clear orange was obtained). To find out the optimum volume of oleic acid, various volume ratios of oleic acid per the precursor (r), ranging from 1.5 to 10 (see Table 1 ), were chosen. The spectroscopic properties of the TiO 2 solutions were measured in quartz cells. TiO 2 powder was obtained by pouring the solution onto silicon substrates followed by annealing at 180 o C, in air, for 3 hours. Annealing at such a low temperature makes difficult the growing process of TiO 2 particles, consequently the size of particles can be maintained at the same size of the dispersed TiO 2 .
To deposit nanocomposite films, MEH-PPV was dissolved in xylene (8 mg of MEH-PPV in 10 ml of xylene). TiO 2 was then embedded in PEDOT-PSS (PEDOT+nc-TiO 2 ) with 15 wt % of TiO 2 and in MEH-PPV with 20 wt % of TiO 2 (MEH-PPV+nc-TiO 2 ). These concentrations were taken from the optimal values of the TiO 2 embedded within these polymers, which were obtained and reported elsewhere [13] , where commercial TiO 2 nanoparticles with 5 nm in size were utilized. Using dispersed nc-TiO 2 particles one can expect to enhance the energy and charge transport through the TiO 2 /polymer interfaces. Both the ultrasonic and magnetic stirring at temperature of 45 o C was used to achieve a homogenous distribution of TiO 2 within these polymers The PEDOT+nc-TiO 2 and MEH-PPV+nc-TiO 2 were deposited onto ITO/glass substrates by spin coating, then heated at 120 o C in a vacuum of 1.33 Pa for 1 hour to evaporate completely the solvent. The thickness of polymer layers was controlled both by the spinning rate and the viscosity of the solution. Details of the heterojunctions of these devices are shown in Fig. (1) . Each ITO/glass substrate slide consists of four devices, which have dimensions of 2 mm 2 mm or 4 mm 2 in area.
The heterojunctions of the as obtained OLEDs are shown in Fig. (1) . The following abbreviations will be used: The surface morphology of samples was characterized by using a "Hitachi" Field Emission Scanning Electron Microscopy (FE-SEM). Atomic force microscope (AFM) images were obtained using a NT-MDT Atomic Force Microscope operating in a tunnel current mode. Nanocrystalline structures were investigated by XRay Diffraction (XRD) with a Bruker D-Advance-8 diffractometer using filtered Cu K radiation ( = 0.15406 nm). Photoluminescence spectra (PL) were carried-out by using a FL3-2 spectrophotometer and Current-voltage (I-V) characteristics were measured on an Auto-Lab Potentiostat PGS-30. The ultraviolet-visible absorption spectra were carried out on a Jasco UV-VIS-NIR V570.
RESULTS AND DISCUSSION

Properties of Dispersive TiO 2
Fig. (2) shows the absorption spectra of TiO 2 solutions vs. the volume ratio of oleic acid per precursors. From this figure one can see that solely MEH-PPV exhibits a peak in UV-VIS, in agreement with experimental data reported elsewhere [13] . The absorption edge of the samples is blue shifted with the increase of the r ratio (see the left panel of Fig. 1 ). The absorption edges corresponding to r equal from 1.5 to 10 are located from 354 nm to 308 nm. UV-Vis data at short wavelength can be used to estimate the energy gap, E G , of the dispersed nano-TiO 2 particles ( Table 2) . by using the expression [14] :
Where h is Planck's constant, is the frequency of the incident UV-Vis radiation, A is a constant and n is 0.5 for direct band semiconductors and 2 for indirect band gap semiconductors. As expected, best fits were obtained for n=2 (indirect band).
The gap energies calculated from UV-VIS data were significantly smaller than the gap energy of pristine (bulk) TiO 2 , which is in the range 3 to 3.3 eV [15] . This result is a contribution of several competing processes:
1. In confined semiconductors, the energy gap is size dependent [1] , [13] :
where E G ( ) is the energy gap of the bulk semiconductor, E G (R) is the energy gap of a semiconductor of radius R, m e is the effective mass of the electron, m h is the effective mass of the hole, e represents the electronic charge, and the dielectric permittivity of the nanoparticle. The dependence of the energy gap on the particle size is rather complex due to the competition between the dipolar interaction term (second term in eq. 2), which tends to decrease the energy gap, and the confinement (last) term (which tends to increase the energy gap) [15] . In the case of TiO 2 nanoparticles such competition results in the increase of the energy gap as the size of nanoparticles is increased (for nanoparticles characterized by a diameter of 5 nm or larger) [15] .
2. Nanocrystals have a high fraction of structural defects-due to their large surface to volume ratio. These defects can decrease the energy gap through the formation of defects' bands within the forbidden gap.
3. Actually, the gap energy was estimated for a composite that involve both conducting polymers and semiconducting nanoparticles. It is expected that the conducting polymer will decrease the energy gap of the semiconducting nanoparticles, typically via the opening of an impurity band within the energy gap of the semiconductor.
In order to identify the process responsible for the observed changes of the energy gap, complementary XRD investigations were performed. The XRD pattern of the TiO 2 /Si sample made from the solution with the smallest r (i.e. r =1.5) shown in Fig. (3) . There are six diffraction peaks which are quite consistent with the peaks for anatase phase of TiO 2 crystals [16] . Two intense peaks of the (021) and (211) directions correspond to the interplanar distances d = 0.240 nm and 0.192 nm, three weaker peaks of (111), (130) and (113) to 0.285 nm, 0.170 nm and 0.149 nm, respectively, and the weakest peak of (121) -to 0.212 nm. The fact that the peak width is rather large shows that the TiO 2 anatase powder consists of rather small particles. Scherrer formula was used to obtain the average particle size R:
where is wavelength of the X-ray used ( = 0.15406 nm), the peak width of half height in radians and the Bragg angle of the considered diffraction peak [17] . From the XRD patterns the average size of the particles was determined to range from 8 to 9 nm. The size of TiO 2 /Si sample with the largest r was found to be of 7 nm (using the same procedure). Thus XRD results also confirmed the reduction of the particles size with the increase of the r-ratio (as the estimated size of TiO 2 nanoparticles is larger than 5 nm). For the sample with r < 10, the absorption spectra edge of dispersed TiO 2 overlapped a part of the absorption spectra of MEH-PPV, for the sample with r 10, the absorption edge of TiO 2 did not affect to the absorption spectra of MEH-PPV (Fig. (2) ). The volume ratio (r = 10) of oleic acid per the precursor [Ti(iso-OC 3 H 7 ) 4 ] was used to synthesize and modify TiO 2 nanoparticles. The slight increase of the energy gap, reported in Table 2 is supported by the weak enhancement of the size of TiO 2 nanoparticles, as expected for TiO 2 clusters larger than 5 nm [15] . Fig. (3) . XRD patterns of TiO2 powders removed from silicon substrates for a TiO2/Si sample with r = 1.5.
Nanocomposites Films
PEDOT has been used for the HTL in OLED because it has a high transmission in the visible region, a good thermal stability, and a high conductivity [18, 19] . To enhance the interface contact between ITO and PEDOT, dispersive TiO 2 nanoparticles were embedded within PEDOT. Fig. (4) shows the AFM of a PEDOT composite with a percentage of 15 wt % of dispersed TiO 2 nanoparticles (7 nm in size). With such a high resolution of the AFM one can see a distribution of nanoparticles in the polymer due to the spincoating process. For the pure PEDOT, the surface exhibits smoothness comparable to the one of the area surrounding the nanoparticles. TiO 2 nanoparticles contributed to the roughness of the composite surface and created numerous TiO 2 / PEDOT boundaries in the composite film. Fig. (4) . AFM micrograph of a PEDOT+nc-TiO2 nanocomposite film with 15 wt % of nc-TiO2.
Surfaces of MEHPPV+TiO 2 nanocomposite films were examined by FE-SEM. Fig. (5) shows images of a nanocomposite sample with embedding of 20 wt % dispersed TiO 2 particles (7 nm in size). The surface of this film appears much smoother than the one of composites with a larger percentage of TiO 2 particles or with larger size TiO 2 particles. The influence of the heat treatment on the morphology of the films was weak, i.e. no noticeable differences in the surface were observed in samples annealed at 120 o C, 150 o C or 180 o C in vacuum. The best annealing temperature for other proper- ties such as the I-V characteristics and PL spectra was found to be 150 o C. In the sample considered, the distribution of TiO 2 nanoparticles is mostly uniform, except for a few bright points indicating the presence of nanoparticle clusters.
Different spinning rate for coating were considered in order to find out optimal thickness of the thin composite films, The I-V characteristics vs. spinning rate of the heterojunction based on PEDOT+nc-TiO 2 (15 wt % of TiO 2 ) are shown in Fig. (7) . From this figure one can see that the larger spin rate are associated with the smaller turn-on voltage of the device. At spinning rates larger or equal to 2000 rpm, the spun films were too thin and the I-V curve became worse. Thus, further spin rates of 2000 rpm were used to deposit PEDOT composite films. Similar results were observed for MEH-PPV+nc-TiO 2 (20 wt % of TiO 2 ) composite films, but a slight difference was obtained for the spin rate, i.e. the best spin rate was found to be of 2400 rpm. This can be explained by the different final thicknesses and TiO 2 concentrations of these polymers, as well as by the viscosities/solubilities of the conducting polymers.
In Fig. (7) the absorption spectra in the wavelength from 300 to 600 nm are presented. The inset shows the absorption spectra of the sample (in a shorter wavelength range, from 300 to 400 nm). It is seen that TiO 2 nanoparticles embedded in the films do not affect significantly the absorption spectra (as noticed in Fig. (1) for r = 10), except for a slight decrease of the absorption peak in composite films. Perhaps, the presence of the TiO 2 particles dropped by a small quantity the amount of polymer within the nanocomposite, resulting in the reduction of their absorption. This is in good agreement with the results reported in [20] when the authors also used oleic acid for modifying TiO 2 that was embedded in MEH-PPV.
Photoluminescence spectra of the samples are shown in Fig.  (8) , demonstrating the so-called a quenching effect due to the addition of TiO 2 nanoparticles in the polymers. The mechanism of this reduction in PL spectra in MEH-PPV has already investigated [3, 20, 21] . The largest quenching was assigned to the presence of TiO 2 nanoparticles in both PEDOT and MEH-PPV. The blue shifts of PL spectra were also observed, in agreement with [21, 22] for ZnO nanoparticles. This blue shift is better observed for the H3 sample, which contains TiO 2 nanoparticles solely in PEDOT. As seen in Fig. (8) , the sample H3 in comparison with H1 has a blue shift of the PL peak of about 40 nm. The blue shift can be explained by the change in band structure of PEDOT in the presence of TiO 2 nanoparticles [21] [22] [23] . Fig. (9) presents plots of I-V characteristics of the four devices (from N1 to N4) made from the heterojunctions (from H1 to H4). It is very clear that the turn-on voltage is enhanced from N1 to N4 samples. The N4 device made from two composites of both the HTL and EL layers (with embedding the modified TiO 2 nanoparticles of 7 nm in size) has the best I-V characteristic where the smallest turn-on voltage (~ 0.75 V) and the highest slope of current density versus voltage were observed. From this figure one can see that the addition of small TiO 2 particles into MEH-PPV and PEDOT polymers, the performance efficiency of the device is expected to be improved.
The luminous efficiency of the classical (N1) and compositebased (N4) devices was measured by a "Labsphere LCS-100" system with an accessory for OLED. The luminous efficiency vs. luminescence for both devices is shown in Fig. (10) . From this figure one can see that at the same value of the luminance, the composite device possesses a much larger luminance efficiency than the classical device. The abrupt increase in the efficiency was obtained for luminance of the order of 13 cd/m 2 . This relates to the most effective current range corresponding polarized potentials that were applied onto the transparent anode (ITO), where the current density in the I-V characteristic raised with an abrupt value. It is clear that by adding TiO 2 nanoparticles inpolymer EML and HTL layers, one can improve the energy efficiency of OLEDs.
The effect of both the HTL and ETL on the enhancement of the I-V characteristics was well demonstrated, associated with the equalization process of injection rates of holes and electrons. But the reason why the nanoparticles can improve the device performance is still open for discussion. For instance, this enhancement has been assigned [24] to the stimulated emission of optically-pumped MEH-PPV films (in the presence of TiO 2 nanoparticles), while other authors [25] indicated that no evidence of line narrowing or changes in the line shape was noticed at different voltages, concluding that the mechanism for improved performance was distinctly different from that found in optically-pumped TiO 2 /MEH-PPV films. This suggests that the optical scattering phenomenon was not causing an enhancement in the device performance. Another possible explanation is that the nanoparticle surfaces increase the probability of electron-hole recombination; however, this would result in a change in the external quantum efficiency, rather than the current density as it was observed.
From the data of PL spectra for the MEH-PPV and PEDOT composites, one can see the luminescence quenching of the composites (see Fig. 8 ), for the heterojunctions in particular. Similar phenomena obtained for nanohybrid layers were explained by TiO 2 /polymer interfaces causing a difference in the band gap between the oxide nanoparticles and the conjugate polymer [22] [23] [24] [25] . Moreover, the results obtained for the improvement of I-V characteristics of PEDOT composite films (see Fig. 6 ) prove that the spinning rate played an important role in the composite film polymerization. Based on these results, we would advance a hypothesis for the improved performance which supports the suggestion of Carter et al. [25] . A change in the device morphology would be caused by the incorporation of nanoparticles into the solution. During the spinning process in the spin-coating technique, the nanoparticles can adhere by strong electrostatic forces to the HTL and between themselves, and capillary forces can then draw the MEH-PPV solution around the nanoparticles into cavities without opening up pinholes through the device. This will result in a rough surface over which the aluminum cathode is evaporated and subsequently, a large surface area interface between the cathode and the electroluminescent composite material is formed. At a low voltage, chargeinjection into MEH-PPV is expected to be cathode limited; the very steep rise in the I-V curves for the composite diodes suggests however that more efficient injection at the cathode through the heterojunctions is occurring. This could be correlated to a rougher interface of the nanocomposites. At a higher voltage, transport in MEH-PPV appears to be space-charge limited.
Mechanical Property of MEH-PPV+TiO 2 Composites (Theoretical Calculation)
In order to establish a model for resolving the problem how the nanoparticles which are embedded in polymer affects the mechanical properties and the lifetime of an OLEDs it was considered that all the nanoparticles are spherical with the same radius size of a (nm). The matrix and nanoparticles were assumed elastic, homogeneous, and isotropic being characterized by two independent and different elastic parameters, such as Young's (E) and bulk (K) modules.
When nanoparticles have infinitesimal sizes, nanocomposite materials will have nano effects, that is, interaction between constituents will appear and stress distribution in material will be represented as follows: Assuming constituent materials to be homogeneous and isotropic, equilibrium equation in terms of displacement components is written as follows, known as Lame's equations:
Mechanical features can be described by resolving the equation (5) under the assumption that micro-and nano-stress of a spherical system is located at center of particles. The detail of the calculation was reported elsewhere [26] . Finally, one obtain, two new elastic properties for the composite material with nano spherical particles, as follows;
where; (8) and c is volume fraction of nanoparticles, for instance in present work it is ranging from 0.10 to 0.20 corresponding to 0.15 ÷ 30 wt.%.
These formula can be applied, as a numerical example, for MEH-PPV+TiO 2 nanocomposites. From the data of polymers, MEH-PPV is characterized by E = 70GPa and v = 0.3; TiO 2 has E c = 282.76GPa and v c = 0.28 [27] . The calculation results obtained by equations (6) and (7) are plotted in Fig. (11) . The marked areas in Fig. (11) show the range of the TiO 2 content embedded in polymers. From this one can notice that the dispersion of nc-TiO 2 nanoparticle within polymers have increased both the effective Young's (E eff ) and effective bulk modulus (K eff ). Consequently, the nanoparticles enhance the stability and lifetime of the component layers of the devices. Accordingly, a long-lasting service of the devices made from such nanocomposites is expected.
CONCLUSIONS
Nanocomposite films for a HTL and EML were prepared from PEDOT and MEH-PPV respectively, incorporated with TiO 2 nanoparticles dispersed in oleic acid. It was speculated that under certain circumstances the electric conduction in MEH-PPV (and in particular in MEH-PPV/conducting polymers) may be controlled by tunneling rather than image charges effects. The reduction of the barrier height at the interface MEH-PPV:conducting polymers has been recently reported. These explain the existing enthusiasm in the study of MEH based polymeric OLEDs [28] . The study of the electrical and photoluminescent properties of the composites as well as of I-V characteristics of the OLEDs based on the composites showed that electrical, spectroscopic, and mechanical properties of the conjugate polymers were enhanced due to the incorporation of nc-TiO 2 within the polymers, especially when using the TiO 2 nanoparticles that were dispersed and modified in oleic acid with an appropriate volume ratio. The luminous efficiency of classical and composite based OLED devices was reported and the benefits of the nanocomposite approach to OLED devices was demonstrated. Mechanical properties of the nanocomposite materials, for MEHPPV+nc-TiO 2 in particular were found to be dependent on both the constituent organic and inorganic components, as well as the geometric position of constituents. The improvement of the mechanical properties of the OLEDs through the dispersion of nanoparticles is predicted. The OLEDs made from the nanocomposite films would exhibit a larger photonic efficiency and a longer lasting life. Further improvements are expected by exploiting the self-assembly capabilities of polymeric thin films [29] [30] [31] [32] through the use of block copolymers as polymeric component [31] . University of New Orleans and The University of Texas Pan American was supported by DARPA under grant HR0011-08-1-0084 to AMRI -University of New Orleans. 
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